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ABSTRACT OF THESIS

UNDERSTANDING THE DEGRADATION MECHANISM IN METHYL
AMMONIUM LEAD HALIDE PEROVSKITE AND BLACK POSPHORENE VIA
ELECTRICAL TRANSPORT STUDY
This work seeks to understand the degradation mechanism of technically important
material systems such as black phosphorene (BP), arsenic phosphorene (AsP) and Methyl
ammonium lead iodide (CH3NH3PbI3) perovskite. Degradation studies were conducted by
studying the in-situ electrical transport properties (resistance and thermoelectric power
(TEP)) of these materials in vacuum (under annealed condition) and after exposure to the
ambient air.
BP and As2 P3 both exhibited p-type semiconducting (positive TEP) behavior under
annealed conditions and the changes in their transport properties upon exposure to ambient
air can be explained as due to the charge transfer between the oxygen redox potential (of
acidic moist air) and the Fermi energy (EF) of the semiconductor. The electron transfer
from the semiconductor to the redox couple causes an accumulation of holes in the valence
band of the semiconductor and as a result TEP increases while the resistance decreases. By
comparing the in-situ transport properties of black phosphorous (BP) and As2 P3 , it is
concluded that the EF of AsP lies closer to the valence band maximum (compared to BP)
indicating lesser charge transfer. Alloying black phosphorous with arsenic (isovalent
substitution) can improve the stability of black phosphorous in air.
Perovskite on the other hand showed n-type semiconductor characteristics (negative TEP)
and electron transfer from the perovskite to the chemical potential of the oxygen redox
couple results in an electron depletion in the conduction band. This caused a negatively
decreased TEP and concomitantly increased resistance in good agreement with the model.
KEYWORDS: Black phosphorene, perovskites, thermopower, charge transfer
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CHAPTER 1. INTRODUCTION

1.1

Black Phosphorous

Ever since the successful exfoliation of graphene from bulk graphite in 2004, the interests
of researchers have been high on isolating novel 2D materials because of the exotic physics
exhibited by graphene. Among discovered 2D materials, phosphorene is one of the most
fascinating due to its interesting properties and abundant probable applications2. Distinct
from graphene and most other 2D materials, phosphorene does not form atomically flat
sheets, but has a puckered honeycomb structure due to its sp3 hybridization of atoms. The
electronic bandgap of phosphorene varies from 0.3 eV for bulk material to 2 eV for a
monolayer and such a robust dependence on the number of layers initiates from the loss of
interlayer hybridization in few layer systems. The greatly tunable band gap along with
other key features such as a high carrier mobility (3000 cm2 V-1 s-1) and strong in-plane
anisotropy, particularly the anisotropy of electric conductance, make phosphorene a highly
auspicious material for both Nano- and optoelectronic applications. Remarkably, the on/off
ratio in field effect transistor (FET) devices and the carrier mobility are also layerdependent. Applications of phosphorene varies from energy conversion/storage to
thermoelectrics, to optoelectronic and spintronics and to sensors and actuators3.
Realization of all the thrilling fundamental scientific and technological potentials of BP
hangs on finding innovative solutions to shield BP from degradation under an ambient
environment4. While most layered 2D materials that can be exfoliated are not totally air
stable, the amount of ambient degradation is relatively severe in BP. Single-layer BP
1

(phosphorene) exfoliated in ambient vitiates entirely in a matter of hours making it difficult
to expose phosphorene to air while few-atoms thick BP also degrades in air in a matter of
days5. This absence of stability in ambient environments harshly weakens the usability of
mono and multilayered BP and secondarily regulates the practicality and cost of any future
devices that could be made from this material. Recently, the scientific community has put
out a huge effort in order to comprehend the degradation problem in BP and alleviate the
instability concerns using many pioneering methods4.

1.2

Arsenic Phosphorous

A new modification strategy has recently been explored for BP involving alloying with
elemental arsenic. This will not only maintain BP’s orthorhombic crystal structure and inplane anisotropy but also tune its electrical and optical properties for more applications.
The resulting black arsenic-phosphorous (b-AsP), AsxP1-x like BP, also has a puckered
honeycomb crystal structure with the two adjacent phosphorous or arsenic atoms along the
armchair direction show a crystal constant 4.60 Å while similar atoms along the zigzag
direction show 3.51 Å6. The lattice constants of b-AsP are relatively larger than those of
BP because the substituted As atoms in fresh BP are slightly displaced outwards resulting
in the increase of rectangular primitive cell constants of b-AsP7.
AsxP1-x compounds display impressive optical, electrical, and photoelectric properties,
such as a constricted band gap which can be tuned from around 0.33 eV (x = 0) to 0.17 eV
(x = 0.83 eV)8, anisotropic infrared absorption, and bipolar transfer features, bestowing
excessive potential in infrared photodetectors and high-performance field effect transistors
(FETs)9. Although, there have been no detailed body of experimental work geared at
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probing the stability of b-AsP, theoretical studies have predicted its monolayer maybe more
stable than phosphorene10, 11. This potentially establishes the age long strategy of alloying
as a possible way of mitigating the stability limitations of phosphorene while preserving
its structure and device-compliant properties.

1.3

Perovskite

There are several reasons to think that it will be difficult to make solar panels with metal
halide perovskite semiconductors that will last for more than 25 years. These materials
have the formula ABX3, where A is usually a mixture of methylammonium,
formamidinium, and cesium, B is a mixture of tin and lead, and X is a mixture of iodine
and bromine, but there can be other components as well. These perovskites are salts and
take on water very easily if they are not packaged well12. Typically, the perovskite solar
cells comprise an absorber layer (for example: CH3NH3PbX3), which is implanted between
electron-transport layer (ETL) and hole-transport layer (HTL)13. When the perovskiteabsorber is exposed to light, it injects an electron and hole into n-type and p-type carriertransporting materials to produce free charge carriers13. The produced electrons arrive at
the cathode by moving thorough the mesoporous film and external circuit. Also, the
abridged section of hole-transporting material (HTM) rebuilds oxidized perovskite and aids
to get to ground state13. Consequently, the hole squeezed into HTM spreads in counterelectrodes direction. It ultimately recombines with electron and delivers the current13
organic-inorganic hybrid metal halide perovskite materials have exhibited lots of
encouraging optoelectronic properties including high absorption coefficient, low exciton
binding energy and high defect forbearance14. Researchers have dedicated tremendous
endeavor to improve the stability of 3D PSCs and achieved encouraging growth through
3

various advances such as compositional engineering, interfacial regulation, defects
passivation, device encapsulation, etc14. While, perovskites with pristine 2D crystal
structures are usually not required for high-performance PSCs, due to their wide band gap
and non-preferred crystallographic orientation where the former diminishes the overall
high garnering and latter limits the vertical charge transfers (that is, the dissociated charge
carriers injects into charge transport layers)14.
Among the environmental factors that influence solar cell stability, humidity, and oxygen
are two of the most prevalent. Lots of materials deteriorate from corrosion in the presence
of moisture or oxidation in the presence of oxygen, and PV materials are no exemption 12.
Before actions were taken to enhance the moisture stability of perovskite solar cells,
unpackaged cells were examined to damage within a few hundred hours of introduction to
air with relative humidity (RH) greater than 50%. water molecules easily infiltrate the
perovskite structure and produce an intermediary monohydrate and dehydrate perovskite.
The hydrate structures can totally switch back to the original perovskite after 48 h in dry
air, as demonstrated by X-ray diffraction15. Water molecules in perovskite crystals develop
solid hydrogen bonds with organic cations16, lessening the bond between the cation and the
PbI6, allowing for faster action of the organic cation and for peripheral stressors such as
heat17 or electric field18 to be additionally efficient at damaging the perovskite.
The charge transport layers are usually made of either organic miniature fragments and
polymers or inorganic materials such as oxides. The huge mass of perovskite solar cell
architectures depend on at minimum one organic charge transporting layer, and small
molecules and polymers are specifically prone to oxidation both in the ground and excited
states19, 20. In wholesale heterojunction (BHJ) organic solar cells, any deficiencies produced
4

by oxidation can trigger fast recombination shortfalls and decline in charge split and
collection from the bulk of the device, considerably lessening device operation.
We hypothesize that the degradation mechanism in the aforementioned materials is akin
the charge transfer in diamond to an electrochemical couple in an adsorbed water film21.
Chakrapani et al.21 explained that atmospheric conditions creates a reservoir of electrons
whose Fermi energy is fixed by oxygen redox couple and upon contact of the atmosphere
with a solid phase, electrons will transfer between the adsorbed water film and the solid in
a way that helps the equality of the Fermi energy of the solid equal to that of the ambient
film. They likened this behavior to that of a metal-semiconductor contact, where the water
film behaves like the metal.

1.4

Charge Transfer

Water in balance with air has a pH ≈ 6 comes from CO2 in the ambient air, which
corresponds to an electrochemical potential 𝜇𝑒 of approximate -5.3 eV from Eq. 3.
Decreasing the pH decreases 𝜇𝑒 . Consequently, adding hydrogenated diamond powder
equilibrized with humid air to a solution of pH < 6 leads to increasing electrochemical
potential of diamond 𝜇𝑒 (𝑑𝑖𝑎) greater than 𝜇𝑒 (𝑎𝑞) , so electrons transfer from the diamond
to the solution until 𝜇𝑒 (𝑑𝑖𝑎) = 𝜇𝑒 (𝑎𝑞). In Eq. 1 the reaction takes place in the forward
direction, which results in consuming of protons. Though, when diamond powder balanced
with humid air is taken in interaction with a basic solution, 𝜇𝑒 (𝑑𝑖𝑎) < 𝜇𝑒 (𝑎𝑞); electrons
move from the solution into the diamond, which takes the reaction in Eq. 2 in the opposite
direction which means decreasing hydroxyl ions in solution to become more acidic.
O2 + 4H+ + 4e– ⇌ 2H2O

(1)
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governs at acidic conditions
O2 + 2H2O + 4e– ⇌ 4OH–

(2)

governs at basic conditions
𝜇𝑒 (𝑒𝑉) = −4.44 + (−1)(+1.229) +

0.592
4

[4𝑝𝐻 − 𝑙𝑜𝑔10 (𝑝𝑜2 )]

(3)

The mechanism of the electrochemically mediated charge transfer at moderate pH can be
written as Eq. 422:
+
−
4(𝑒 − ℎ+ )𝑑𝑖𝑎 + 𝑂2,𝑎𝑖𝑟 + 2 𝐻2 𝑂𝑎𝑖𝑟 + 4𝐶𝑂2,𝑎𝑖𝑟 ⇌ 4ℎ𝑑𝑖𝑎
+ 4𝐻𝐶𝑂3,𝑎𝑞

(4)

Equation 4 illustrates the condition when the acidity is created by atmospheric CO2, where
the counterions (which depend on the ambient) in the aqueous phase are mostly HCO3−.
We noticed that the electron affinity of the aqueous oxygen redox couple is much greater
than that of oxygen gas as molecules and other gas oxidants without water. For example,
the electron affinity of O2 is EA = +0.451 eV23, which put the energy at E = −EA = − 0.451
eV, distant above the energy of the oxygen redox couple at any pH (Figure. 1.1). The
electron affinities of other strong oxidizing gas species, like NO2, O3, and F, are,
correspondingly, 2.273, 2.103, and 3.4 eV23 and thus are also not enough to directly oxidize
diamond. Hence, direct electron transfer from diamond to gas-phase species without water
is thermodynamically doubtful21.

6

Figure. 1.1 Band line up of hydrogen-terminated in contact with acquis solution
with varying pH.

Figure. 1.2. The chemical and
electrochemical processes taking
place at the surface of a
semiconductor exposed to moist
air.
Even after years of intense research, the real mechanism of rapid degradation of these 2
material systems remains unresolved even though various theories have been proposed
with some success. In a study to explain the substantial conductivity of an undoped
diamond, when exposed to air, we proposed a model based on the presence of an aqueous
phase at the surface of diamond. We hydrogenated diamond particles and measured the
changes in pH and oxygen concentrations when the particles were added into aqueous
solutions. These experiments showed that electron exchange systematically occurs
between diamond and the aqueous redox couple O2 + 4H+ 4e− ⇌ 2H2O, which results in
the consumption or formation of O2. This electron exchange influences other properties—

7

both the contact angle of water with the diamond surface and the amount and sign of the
charge on diamond particles change in a predictable way by changing the extent of reaction
that takes place. Adhesion of water to diamond is enhanced by electrostatic attraction after
the charge transfer, which enhances the ability of water films to adsorb on otherwise
hydrophobic surfaces.
Looking back these results imply that this process is a more general, unrecognized
phenomenon that can influence a wide range of materials and processes. The key
components are all derived from normal humid air: The water film provides both a medium
for the electrochemical reaction as well as the O2 and the H+ (the protons arise from acidity
generated by CO2 that is present in air). This means that the effect can occur whenever
semiconductors or other solids are exposed to humid air (Figure. 1.2). The atmosphere thus
provides a source of electrons whose electrochemical potential (Fermi energy) is fixed by
the oxygen redox couple. If the atmosphere is in contact with a solid phase, electrons will
transfer between the adsorbed water film and the solid in a direction that tends to bring the
Fermi energy of the solid equal to that of the ambient film. The process is similar to that at
a metal-semiconductor contact, except that a water film replaces the metal. For example,
vacuum-annealed semiconducting single walled nanotubes are n-type but become p-type
when exposed to ambient air. This effect arises from pinning of the Fermi energy by the
four-electron oxygen redox couple in an adsorbed water film, a type of surface transfer
doping. The pronounced electrical sensitivity to O2, O3, NO2, SO2, NH3 and HNO3 vapors
results from electron exchange between the redox couple and the nanotube. This effect
must be considered when using nanotubes for any application in humid air. The changes in

8

the electrical properties of graphene and multi-walled nanotubes can also be explained by
this phenomenon.

9

CHAPTER 2. METHODS
2.1

Preparation of BP and AsxP1-x Alloys

Preparation of black phosphorous will be done by the use of short vapor transport growth
method, starting materials will be red phosphorous, tin, and tin iodide. The starting
materials will be galvanized inside an emptied (10-6 Torr), sealed quartz ampoule at 650
0

C with temperature incline of 50 0C between the two ends of the tube (Figure. 2.1). The

substance will be crushed and sonicated in (N,N-dimethylformamide) DMF and filtrated
under measured conditions. The short way transport reaction method 23-25 will be used,
along with As, tin iodide (SnI4), tin (Sn), and red phosphorus as starting materials. Equal
ratios of red phosphorus and group V (As, Bi, Sb) will be galvanized inside an emptied
(10-6 Torr) sealed quartz ampoule at ~ 650 oC. we will use Iodine as a vapor transporter,
Sn and SnI4 will be used as mineralization additives. The galvanizing will be performed in
a temperature variant of ~ 40 ℃ between the two endings of the tube.

Figure. 2.1 (a) Schematics of tube sealing apparatus. (b) Pictures of Vacuum system,
quartz ampoules filled with precursor materials
.

Figure 2.2 Characterization of BP (a)XRD (b) Raman Spectroscopy (c) EDX (d)
Electron Microscopy
.
Figure 2.2 shows optical, XRD, EDX, Raman and electron microscopy results of BP
synthesized by our short vapor transport method.

2.2

Preparation of Perovskite

We will prepare Lead halide perovskites using solutions of commercially available
compounds, including lead (II) iodide (PbI2), lead (II) bromide (PbBr2), and
methylammonium iodide (MAI) as starting materials. we will prepare methylammonium
lead iodide (MAPbI3) perovskite using solutions of 600 mg/mL with equimolar mixtures
of methylammonium iodide (MAI) and lead (II) iodide (PbI2) in DMF (N,Ndimethylformamide). Methylammonium lead iodide bromide (MAPbI3-xBrx) mixed
perovskite will be gained from a DMF-based 600 mg/mL-concentrated mixed halide
perovskite starting solution, obtained by dissolving, MAI and PbI2 and PbBr2 using
11

minimal molar ratios. Both MAPbI3 and MAPbI3-xBrx perovskite precursors will be spin
coated on glass slides at room temperature, followed by galvanizing at 100°C for 60 min
in Argon atmosphere until fully transferring of the perovskite precursors into
polycrystalline perovskite films.
Many benefits will be offered by using the solution-based method of perovskite thin ﬁlm
preparation, like low-cost, control over composition, crystallinity and uniform surface
morphology. In one-step deposition method, a mixture solution of CH3NH3I and PbI2 with
chosen molar composition is prepared then coating the solution on the substrate and the
substrate is subjected to thermal galvanizing to acquire crystalline perovskite thin ﬁlm.
Sudden crystallization will be done using anti-solvent like chlorobenzene (CB), toluene,
chloroform, dichloromethane (DCM), isopropyl alcohol (IPA), diethyl ether etc. Molar
composition, type of solvents, galvanizing temperature and anti-solvent dripping time and
quantity are the main controlling parameters in thin ﬁlm in this method. The films are
galvanized at temperatures from 60oC to 200oC, because galvanizing above 200oC quickly
gives yellow colored ﬁlms because of the degradation of perovskite into PbI2 and
CH3NH3I.
Many methods have been granted to improve the morphological nature of the perovskite
thin films, like using additives, which play an important role in crystal growth of
perovskite. Using numerous additives broadening the crystalline phase of the perovskite
and can enhance the favored orientation with the (0k0) planes which are perpendicular to
the substrate, which improve the transport properties. As an example, using of Trimesic
acid (TMA) in lead starting solution leads to improve the effectiveness and stability of
perovskites, which is praised to the growth of crystal of high-quality perovskite thin film.
12

Improving the thermal and air stability which is explained according to the rigidity and π π bond effects of benzene ring. In addition to, reduced ion migration in the perovskite thin
film is achieved and is associated with the formation of hydrogen bonding between the
hydroxyl group of TMA and iodide. The using of additive can be efficient for the
passivation of imperfections like surface cracks and grain boundaries, obtaining a largesized grain growth of perovskite, and improving the charge carrier collection for increased
performance and long-term stability of the perovskites.

Figure. 2.3 (a) The experimental set up for vacuum annealing and
controlled gas exposure (b) the sample holder (c) electrical contacts
on the sample.
Figure. 2.3 shows the experimental set up used for the electrical measurements during
vacuum annealing and under controlled gas exposure. The sample holder and the electrical
contacts are also shown in the figure.
13

2.3

Four Probe Resistivity for Sheet Resistance

The concept of sheet resistance is used to characterize both wafers as thin doped layers
since it is typically easier to measure the sheet resistance rather than the resistivity of the
material. The sheet resistance of a layer with resistivity, ρ, and thickness, t, is given by their
ratio:
Rs =

𝜌

(5)

𝑡

Note that the dimension of sheet resistance is also measured in ohms, but is often denoted
by 𝛺sq−1 (ohms per square) to make it distinguishable from the resistance itself. The origin
of this peculiar unit name relies on the fact that a square sheet with a sheet resistance of
1 𝛺sq−1 would have an equivalent resistance, regardless of its dimensions. Therefore, the
resistance of a rectangular rod of length l and cross section A = wt can be written as R =
ρl/A, which immediately simplifies to R = Rs for the special case of square lamella with
sides l = w (see Figure 2.4) 25.

.
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Figure. 2.4 Schematic of a square 4P probe conFigureuration
with s1 = s4 = s and s2 = s3 = √2s.

For small thin films characterization, the square arrangement is better than a straight line
since it has the advantage of requiring a smaller area (the maximum probe spacing is only
√2s against the 3s for the collinear arrangement) and reveals a slightly higher sensitivity.
Table 1 summarized all relations for the infinite 3D and 2D systems with both in-line and
square arrangements of four probes.

15

Table 1.1. Bulk resistivity or sheet resistance Rsh for the case of linear and square arrangements of
four probes on a semi-infinite 3D material, infinite 2D sheet, and 1D wire.

Sample shape
3D bulk

4P in-line

4P square

2𝜋𝑠

𝑉
𝐼

2𝜋𝑠 𝑉
2 − √2 𝐼

2D sheet

𝜋 𝑉
𝑙𝑛2 𝐼

2𝜋 𝑉
𝑙𝑛2 𝐼

1D wire

𝛴𝑉
𝑠𝐼

−

2.4

Thermoelectric Power

An electron in solids is an elementary particle with a negative charge of e, and carries
electric current. Since an enormous number of electrons are at thermal equilibrium in
solids, they also carry heat and entropy. Thus in the presence of temperature gradient, they
can flow from a hot side to a cold side to cause an electric current. This implies a coupling
between thermal and electrical phenomena, which is called thermoelectric effects,
including the Seebeck effect and the Peltier effect. The Seebeck effect is a phenomenon
that voltage V is induced in proportion to applied temperature gradient ∆T, expressed as
V = S∆T

(6)

where S is called the Seebeck coefficient, also thermoelectric power or thermopower.
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Various methods are used in thermoelectrical power measurements such as pulse
26

and AC

27

techniques. Here we introduced a simple, inexpensive method to obtain the

thermopower in the range 4 K to 700 K using ordinary thermocouple systems.

Figureure
2.5
Schematic diagram of
the circuit 1

Figure. 2.5 Schematics of the circuit diagram used for the TEP measurements

Figure 2.5 shows the three thermoelectrical voltages Δ𝑉1, Δ𝑉2, and Δ𝑉3 which determine
the absolute thermoelectrical power of the sample, SU and the average sample temperature
T 1. Using the definition of the thermoelectrical power S, the voltage difference 𝛥𝑉
developed between position z1 and z2 in a homogeneous material with temperature profile
T(z) is given by:
𝑧

𝑑𝑇

𝛥𝑉 = 𝑉(𝑧2 ) − 𝑉(𝑧1 ) = ∫𝑧 2 𝑆 𝑑𝑧 𝑑𝑧

(7)

1

where V(z1) and V(z2) are the voltages at z1 and z2 respectively. The voltages can therefore
be written as:
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𝑇

𝑇+∆𝑇

𝛥𝑉1 = ∫ 𝑆𝐴 𝑑𝑇 + ∫
𝑇0

𝑇+∆𝑇

= ∫𝑇

𝑇0

𝑆𝑈 𝑑𝑇 + ∫

𝑇

𝑆𝐴 𝑑𝑇

𝑇+∆𝑇

(𝑆𝑈 − 𝑆𝐴 )𝑑𝑇 = (𝑆𝑈 − 𝑆𝐴 )∆𝑇

(8)
𝑇

𝑇0

Δ𝑉2 = ∫ 𝑆𝐴 𝑑𝑇 + ∫ 𝑆𝐵 𝑑𝑇
𝑇0

𝑇

𝑇

= ∫𝑇 0(𝑆𝐵 − 𝑆𝐴 )𝑑𝑇 = 𝑉𝐵𝐴 (𝑇)

(9)
𝑇

𝑇+∆𝑇

Δ𝑉3 = ∫ 𝑆𝐵 𝑑𝑇 + ∫
𝑇0

𝑇+∆𝑇

= ∫𝑇

𝑇0

𝑆𝑈 𝑑𝑇 + ∫

𝑇

𝑆𝐵 𝑑𝑇

𝑇+∆𝑇

(𝑆𝑈 − 𝑆𝐵 )𝑑𝑇 = (𝑆𝑈 − 𝑆𝐵 )∆𝑇

(10)

The subscripts in equation (8)-(10) refer to either the thermocouple wire materials
(A and B) or the sample (U). T0 is approximately the room temperature which refers to the
temperature of thermocouple junctions of A and B with copper leads that transfer the
signals from this reservoir to the instrumentation amplifiers. The thermopower for a variety
of samples includes graphene films can be measured by this approach between wide range
of temperature.

18

CHAPTER 3. RESULTS
3.1

Results of the in-situ Transport Property Measurements for BP and 𝐀𝐬𝟐 𝐏𝟑

(a)

(b)

Figure 3.1 (a) Temperature dependance of the TEP of BP during annealing
and cooling under high vacuum (b) Evolution of the TEP when the
degassed BP was exposed to air.
At room temperature, the TEP of as-synthesized BP was measured as 250 μV/K. The
positive value of the TEP observed confirms the p-type semi-conductor properties of BP28.
Figure 3.1 (a) shows temperature dependence TEP in a high vacuum. As BP is annealed
from 300 K to 500 K, TEP monotonically decreases and falls below 100 μV/K. At high
temperatures, thermally activated electrons and holes hugely contribute to electrical and
thermoelectric properties10, 29. These thermally activated states is closely related with the
variable range hopping (VRH) conduction model which describes the transport of charge
over a potential energy barrier and phonon-assisted tunneling between localized states10, 30.
Upon cooling, it slightly increases to almost 100 μV/K. The time dependence of the TEP
of degassed BP after exposure to air as shown in Figure 3.1 (b). TEP is shown to increase
slowly 106 μV/K after 450 min.

(a)
(b)

Figure 3.2 (a) Temperature dependance of the Resistance of BP during annealing and cooling
under high vacuum (b) Evolution of the Resistance when the degassed BP was exposed to air.

The behavior of the resistance of BP under heat is quite different from its TEP as shown in
Figure 3.2 (a). We observe a slight drop below 0.25 Ω at 312 K. This is followed by an
increase that peaks at 425 K. A systematic decrease in resistance began at 450 K and
continued beyond 500 K. This observation is consistent with the findings of Zeng et al.28
where they observed a metallic behavior for the resistance of BP from 300 K to 475 K .
While a semi-conducting behavior was observed after 475 K. The semi-conducting regime
holds sway for BP at onset of cooling as the resistance drops further. On exposure to air,
as shown in Figure 3.2 (b), the resistance of BP drops and stays constant at around 0.102
Ω after 300 min.
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(a)

(b)

Figure 3.3 (a) Temperature dependance of the TEP of As2 P3 during annealing and
cooling under high vacuum (b) Evolution of the TEP when the degassed As2 P3 was
exposed to air.

The temperature dependence of the TEP of As2 P3 shown in Figure 3.3 (a) shows the effects
of increased carrier concentration induced by the presence arsenic crystals in the lattice of
BP. TEP steadily increases from 145 μV/K at room temperature to a peak of 154 μV/K at
around 448 K. It gradually decreases as the sample is heated further. It has been reported
the hole mobility in Asx P1−x is significantly larger than electron mobilities; thus,
possessing lower values of phonon velocities, larger Grüneisen parameters and shorter
relaxation times31. This contributes to the impressive TEP exhibited in Figure 3.3 (a). As
As2 P3 is cooled, the TEP increases in a reverse to a peak of 132 μV/K at 450 K. It further
decreases to 110 μV/K upon reaching room temperature. The time dependence of exposed
As2 P3 to air is presented in Figure 3.3 (b). The TEP rises slowly over a span of 500 min
and stabilizes.
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(b)

(a)

Figure 3.4 (a) Temperature dependance of the Resistance of As2 P3 during
annealing and cooling under high vacuum (b) Evolution of the Resistane when the
degassed As2 P3 was exposed to air.
The temperature dependence of the resistance of As2 P3 shown in Figure 3.4 (a) is somewhat
similar to that of BP. In this case, the resistance begins to decrease systematically at 440 K
after attaining a peak of 0.12 Ω at 380 K. A semi-conducting behavior is also observed as
the sample is cooled.
The resistance steadily rises as temperature drops. On exposure to air, Figure 3.4 (b), the
resistance further dropped and stabilized after 400 min.

(a)
(b)

Figure 3.5 (a) Comparison of the normalized TEP of BP and As2 P3 when exposed to air
(b) Comparison of the normalized resistance of BP and As2 P3 when exposed to air.
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Figure. 3.5 shows a direct comparison of the TEP and the resistance of BP and As2 P3 when
exposed to ambient after vacuum annealing by plotting the normalized (to the t=0 value)
values on a same graph. The electrical transport properties of As2 P3 show better stability
as seen Figures 3.5 (a) and (b). From the normalized TEP of BP and As2 P3 after exposure
to air, the latter stabilizes faster than BP. The TEP of BP ramps and reaches steady state
after 500 min. The case is similar for resistance, Figure 3.5 (b). The resistance of BP decays
by 95% for 200 min before stabilizing. This contrasts with that of As2 P3 which steadies
after 300 min with minimal decay.

Figure 3.6 (a) Comparison of the Raman Spectra of BP before and after annealing
(b) Comparison of the Raman Spectra of As2 P3 before and after annealing

Figure 3.6 shows the Raman vibration modes for BP and As2 P3 . BP has three signature
Raman modes visible to the Raman laser as seen in Figure 3.6 (a). For the BP sample used
for this experiment, the out-of-plane armchair vibrational mode, A1g appeared at 362 cm−1
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while the vibrational mode for the in-plane zigzag (B2g ) and in-plane armchair (A2g )
directions appeared at 439 cm−1 and 466 cm−1. After annealing at 500 K, we observe no
new phases. In Figure 3.6 (b), fresh As2 P3 display Raman vibrational peaks of high
frequency region (> 350 cm−1) which connotes P-P bonding. In addition, As-As bonding
is reflected at the low frequency region (< 270 cm−1 )10. The high and low frequency
regions both exhibit three peaks (A1g , B2g and A2g ) as seen in previous reports10, 32. The
structural integrity of As2 P3 was also maintained after the annealing process.

3.2

Results of the In-Situ Transport Property Measurements for Perovskite

Figure 3.7 (a) Temperature dependance of the TEP of Perovskite during
annealing and cooling under high vacuum (b) Evolution of the TEP
when the degassed Perovskite was exposed to air

At room temperature, the perovskite sample showed a TEP value of -30 μV/K (n-type
behavior). As shown in Figure 3.7 (a) it showed a semiconducting behavior with some
hysteresis. The time dependence of the TEP of perovskite after exposure to air shows a
decrease of the negative TEP as shown Figure 3.7 (b) reaching – 25 μV/K after 2000 min.
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.

Figure 3.8 (a) Temperature dependance of the Resistance of BP during
annealing and cooling under high vacuum (b) Evolution of the Resistance
when the degassed BP was exposed to air
The behavior of the resistance of the perovskite sample after exposure to air is similar to
that of TEP with an increase from 32.5 Ω to 35 Ω after 2000 min. The marked changes in
resistivity observed can be attributed to increasing defects in the thin film due to the
decomposition of PbI2 and reduction of mobility in the material. The decomposed PbI2
aggravated desorption and infiltration of external agents (O2 and H2O) into the perovskite
bulk. The resistance of perovskite increased steadily up to ~ 35 Ω upon heating up to 360
K. At the onset of cooling, the resistance takes the reverse and steadily falls with some
hysteresis.
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Figure 3.9. Band diagram of BP and AsP (a) after equilibration with the ambient
surface water layer by pinning the Fermi level at the redox potential (b) before
equilibration
The reported work function for BP ranges from ~5.16 eV for monolayer to ~4.56 eV for
tri-layer and further decrease upon increase of the layer number. Despite the uncertainties,
it is clear that the reported values put the Fermi energy in BP above the chemical potential
of the oxygen redox couple in air. The approximate band lineup of BP with the oxygen
redox couple is shown in Figure 3.9. The layer number dependent band gap of BP can vary
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between bulk value of ~0.3 to ~1.5 eV for a monolayer. It is approximated that band
bending will be minimal and the Fermi energy throughout the solid will be pinned close to
that of the redox couple in the adsorbed water film.
Figures 3.1 (b) and 3.2 (b) show the changes in the Seebeck coefficient and four-probe
resistance of bulk BP at room temperature when exposed to room air. The Seebeck
coefficient of previously vacuum-annealed BP changed from 100 V/K to 106 V/K upon
exposure to humid air indicating the enhanced hole contribution. This change is
accompanied by an abrupt drop in the resistance (hole accumulation of already p-type
conduction) from its value in vacuum. In equilibrium, the redox couple will pin the Fermi
energy at −5.3 eV, close to the valence band maximum with electron transfer from the
Fermi energy, EF of BP to the chemical potential of the oxygen redox couple, resulting
induce hole accumulation with increased positive TEP and reduced resistance consistent
with the experimental results. Higher values of positive TEP in AsP makes the Fermi
energy, EF to lie closer to the valence band maximum (higher work function) indicating
lesser charge transfer. Both BP and AsP show similar behavior when degassed samples are
exposed to ambient, but the effect is less in AsP compared to BP consistent with the electro
chemically mediated charge transfer mechanism.
In conclusion, BP and AsP could undergo transfer doping to the aqueous oxygen redox
couple.

Similar effects have been observed with Diamond, SWNT, MWNT, ACF,

graphene, GaN and ZnO. Reported values of EF of these carbon solids are all well above
EF of the oxygen redox couple in air (−5.3 eV). Therefore, in principle, the redox couple
could serve as an external acceptor to each of these materials
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Figure 3.10. Band diagram of methyl ammonium lead iodide perovskite (a) after
equilibration with the ambient surface water layer by pinning the Fermi level at the
redox potential (b) before equilibration
The reported work function for methyl ammonium lead iodide perovskite ~4 eV and the
Fermi energy in perovskite lies above the chemical potential of the oxygen redox couple
in air. The approximate band lineup of perovskite with the oxygen redox couple is shown
in Figure 3. 10 Again, it is approximated that band bending will be minimal and the Fermi
energy throughout the solid will be pinned close to that of the redox couple in the adsorbed
water film.
In equilibrium, the redox couple will pin the Fermi energy at −4 eV, close to the conduction
band minimum, and induce n-type conductivity, consistent with the results shown in Figure
3.7 (b). The Seebeck coefficient of previously vacuum-annealed perovskite sample
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changed from -30 V/K to -25 V/K upon exposure to humid air indicating depleted
electron contribution. This change is accompanied by an abrupt rise in the resistance from
its value in vacuum. In equilibrium, the redox couple will pin the Fermi energy at −5.3 eV,
close to the conduction band minimum with electron transfer from the Fermi energy, EF of
perovskite to the chemical potential of the oxygen redox couple, resulting electron
depletion with negatively decreased TEP and increased resistance (electron depletion of
already n-type conduction) consistent with the experimental results.
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CHAPTER 4. CONCLUSION AND FUTURE WORKS
The degradation of advanced energy materials (BP, As2 P3 and Perovskite) have been
studied under different environmental conditions by observing the temperature- and timedependent behaviors of their electrical transport properties. The temperature-dependence
of the TEP of BP exhibited shorter periods of semi-conductor behavior relative to As2 P3
as the TEP of the former decreased from 250 to 100 μV/K after extended heating while
that of the former fell from 145 to 110 μV/K. Moreover, the measured time-dependence of
the TEP shows As2 P3 approaches stability faster (500 min) than BP upon exposure to air.
The temperature-dependence of the resistance of BP and As2 P3 showed metallic behavior
up to 475 K. However, the time-dependent resistance also showed that As2 P3 stabilizes
faster after 300 min when exposed to air.
The introduction of arsenic atoms to BP lattice helps in improving the stability issues
limiting the application of BP. Perovskite showed bad stability as the TEP and resistance
responded sharply to changes in environmental conditions.
The degradation mechanism in all three material systems can be explained by the
electrochemically mediated charge transfer model where a charge transfer from the
material to a chemical potential at the oxygen redox couple tends to pin the Fermi level of
the semiconducting material.
In the future, we can alter the chemistry of the perovskite materials by adding Bromine or
replacing Iodine with Bromine to see if stability improves. Furthermore, we can control
the number of layers we make and also vary the architecture of layers used like mixing 2D
and 3D perovskites.

Further environmental degradation studies will be conducted under controlled
oxygen/moisture exposure and measured using spectroscopy. The degradation will be
monitored using transport measurements with the necessary capabilities to achieve these
types of measurements. We will fabricate devices based on the Perovskite on doped Si/SiO2
substrates using photolithography techniques in field effect transistor (FET) configuration
and Ids-Vds and Ids-VG characteristics will be measured. Electrical transport properties will
be measured over a temperature range (8 K to 550 K is available) in a chip carrier
supporting the sample inside a closed cycled refrigerator (CCR) (Janis Research Co. CCS350ST-H) (Figure. 2.3).
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